Bidirectional communication between the gut and brain is well recognized, with data now accruing for a specific role of the gut microbiota in that link, referred to as the microbiome-gut-brain axis. This review will discuss the emerging role of the gut microbiota in brain development and behavior. Animal studies have clearly demonstrated effects of the gut microbiota on gene expression and neurochemical metabolism impacting behavior and performance. Based on these changes, a modulating role of the gut microbiota has been demonstrated for a variety of neuropsychiatric disorders, including depression, anxiety, and movement including Parkinson's, and importantly for the pediatric population autism. Critical developmental windows that influence early behavioral outcomes have been identified that include both the prenatal environment and early postnatal colonization periods. The clearest data regarding the role of the gut microbiota on neurodevelopment and psychiatric disorders is from animal studies; however, human data have begun to emerge, including an association between early colonization patterns and cognition. The importance of understanding the contribution of the gut microbiota to the development and functioning of the nervous system lies in the potential to intervene using novel microbial-based approaches to treating neurologic conditions. While pathways of communication between the gut and brain are well established, the gut microbiome is a new component of this axis. The way in which organisms that live in the gut influence the central nervous system (CNS) and host behavior is likely to be multifactorial in origin. This includes immunologic, endocrine, and metabolic mechanisms, all of which are pathways used for other microbial-host interactions. Germ-free (GF) mice are an important model system for understanding the impact of gut microbes on development and function of the nervous system. Alternative animal model systems have further clarified the role of the gut microbiota, including antibiotic treatment, fecal transplantation, and selective gut colonization with specific microbial organisms. Recently, researchers have started to examine the human host as well. This review will examine the components of the CNS potentially influenced by the gut microbiota, and the mechanisms mediating these effects. Links between gut microbial colonization patterns and host behavior relevant to a pediatric population will be examined, highlighting important developmental windows in utero or early in development.
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BEHAVIORAL ALTERATIONS IN ANIMAL MODELS
Early on, investigators working with germ-free (GF) animals noted behavioral differences when compared to conventionally (CONV) raised mice, 1 or mice raised free of specific diseasecausing organisms (specific pathogen free; SPF). 2 Since then a spectrum of behavioral changes have been identified in GF animals using standardized animal behavioral testing techniques in rodents. These altered behaviors cluster into four domains: social interactions including behavior paralleled to that seen in autism spectrum disorder (ASD); stress-related and anxiety-related responses; learning and memory; and motor control (for a review see Vuong et al. 3 ) While GF mice offer a system to examine the impact of gut microbiota in isolation, there are clearly limitations in applicability, since a GF world in humans does not exist. Additionally in studies using fecal transplantation during early development, there is often a mismatch between age of the GF animal and donor contributing the sample, altering microbial developmental trajectories. As an alternative, orally administered, non-absorbable antimicrobials have been used to alter the gut microbiome in rodents (neomycin, bacitracin, and pimaricin) [4] [5] [6] as well as in zebrafish (amphotericin, kanamycin, and ampicillin). 7 Behavioral changes similar to GF animals are reported with oral but not intraperitoneal 4 treatment particularly related to stress-associated and anxiety-associated phenotypes. Oral antibiotics have also been used to examine the contribution of the maternal gut microbiota during pregnancy to offspring behavior by maternal treatment either preconception (non-absorbable sulfonamide) 5 or early in gestation (neomycin, pimaricin, bacitracin). 6 Compared to controls, offspring of antibiotic-treated mothers demonstrated increased anxiety-like behaviors and diminished social interactions. Analysis of fecal samples from antibiotic-exposed offspring demonstrated a 50% decrease in the relative abundance of the order Lactobacillales and increase in the bacterial family Clostridium. 6 The behavioral phenotypes in offspring can be only partly rescued by fostering them with normal dams beginning on postnatal day 1, implicating the perinatal period as a critical developmental window. 6 THE PERINATAL PERIOD The perinatal period is a critical developmental window characterized by rapid evolution of gut microbial colonization alongside changes in neuronal organization. Given this co-evolution, it is perhaps not surprising that studies using GF mice have been used to examine the association between gut microbiota and central nervous system (CNS) structure and function (Table 1) . In a landmark paper in 2004, Sudo et al. 2 demonstrated the importance of the perinatal period, identifying that gut microbes were involved in programing the hypothalamic-pituitary-adrenal (HPA) system stress response. Compared to SPF mice, GF animals had an exaggerated HPA response in response to an acuterestraint stress, evidenced by elevated levels of stress response hormones adrenocorticotropic hormone (ACTH) and corticosterone. The exaggerated HPA response was reversed by re-colonizing the GF mice with fecal flora from SPF animals, but only if SPF fecal reconstitution occurred before 6 weeks of age. The presence of early developmental windows for the gut microbiota to influence animal behavior is evident in experiments examining anxiety-like behaviors. 8 GF mice have decreased anxiety-like behavior as demonstrated by standardized testing including increased exploratory behavior in open field tests, and more time in the light of a light/dark box test than SPF controls. [8] [9] [10] The perinatal period is again critical in forming this response as GF animal behavior could be "normalized" only by colonization of GF mothers with SPF microbiota 30 days prior to mating, while colonization of adult GF mice had no effect. 8 Maternal diet and obesity Both human epidemiologic and animal studies have identified maternal obesity as a risk factor for behavioral and neurodevelopmental abnormalities in offspring 11 associated with an altered gut microbial community. 12, 13 Buffington et al. 14 examined the contribution of the gut microbiome to behavioral changes in mice born to mothers fed a high fat diet (MHFD). For 8 weeks prior to mating, female mice were fed an MHFD, while controls received a regular diet (MRD). Offspring from MHFD mothers had fewer social interactions, no preference for social novelty, and impaired sociability compared to MRD controls. These behavioral changes corresponded to anatomic changes in the paraventricular nuclei (PVN) of the hypothalamus, with decreased number of cells producing oxytocin, a neuropeptide previously shown to be important in modulating social behavior. 15 Offspring exposed to MHFD demonstrated decreased gut microbial diversity and differences in microbial community membership compared to MRD offspring. Among the most significant microbial reduction in MHFD offspring was Lactobacillus reuteri, decreased over ninefold. Colonization with live, but not heat-killed, L. reuteri ameliorated the behavioral change, and restored the number of oxytocinproducing neurons in the PVN to baseline levels. These findings demonstrate that the prenatal environment, in this case MHFD with associated maternal and infant gut microbial changes, influences offspring CNS functioning and behavior.
Prenatal stress Maternal psychosocial stress is another exposure that can alter fetal programming with behavioral and neurodevelopmental consequences. 16, 17 Neuroimaging studies of infants born to mothers facing adverse prenatal environments demonstrate reduced cortical gray matter, smaller hippocampal and amygdala volumes, and altered connectivity as early as 5 weeks of age. 18, 19 The mechanisms underlying the biologic embedding of this exposure are multifactorial, with evidence that the microbiome may be one contributor. Using an established mouse model of chronic variable stress, Jasarevic et al. 20 demonstrated that early prenatal stress (PNS) modified maternal vaginal microbial communities, altering diversity as well as composition, with loss of the most abundant vaginal commensal organism Lactobacillus. Loss of maternal Lactobacillus resulted in diminished vertical transmission to the fetus, altering the offspring gut microbiota as well as their plasma metabolome. Changes clustered in pathways related to energy, sugar, and mitochondrial metabolism. Interestingly, there were corresponding sex-specific changes to amino acid profiles in the hypothalamic and limbic regions of the brain, affecting male but not female offspring.
Evidence that stress can have a direct effect on gut microbes dates back 40 years, when investigators identified a decrease in culturable lactobacilli from stools of adult mice moved to cages without water, food, or bedding. 21 Similar results have since been obtained using other model systems. [22] [23] [24] Reminiscent of the vaginal microbiota, a number of large and small animal models have demonstrated a relative decrease in the abundance of Lactobacillus from the stool samples of offspring born to mothers subjected to PNS, along with other gut microbial community disruptions. [25] [26] [27] Using rhesus monkeys, Bailey et al. 25 demonstrated that infant monkeys born to mothers exposed to PNS had decreased amounts of culturable lactobacilli and bifidobacteria in their stool, most evident with late pregnancy PNS exposure. Rodent models also report alterations in gut microbial membership in PNS-exposed offspring, [26] [27] [28] with decreased amounts of Lactobacillus and Bifidobacterium. Associated behavioral changes were long lasting to adulthood 26, 28 and sex-specific, with female but not male offspring demonstrating increased anxiety-like behaviors and diminished cognitive function. 28 These changes in the gut microbial community were associated with increased levels of interleukin-1β (IL-1β) and decreased brain-derived neurotropic factor (BDNF), a neuronal growth factor suppressed by IL-1β, specifically in the amygdala, an area important in processing emotions and memory. 28 Beyond animal models, one small human study of 56 vaginally born infants also found that levels of Lactobacillus was inversely related to stress during pregnancy as measured by a series of self-reported stress questionnaires and high cortisol levels. 29 Mothers with high cumulative stress had significantly lower relative abundances of Lactobacillus and Bifidobacterium, with relatively higher levels of Gram-negative Proteobacteria. Taken together, these data indicate that PNS can alter both the maternal and infant microbiota, which is associated with behavioral changes in offspring. While clearly associative and not causal, the associated metabolic changes begin to implicate systemic responses involving metabolism and inflammation as potential mediators.
Blood-brain barrier and short-chain fatty acids Within the gut, luminal production of short-chain fatty acids (SCFAs) by the gut microbiota is important in maintaining intestinal barrier integrity through regulation of tight junction proteins. 30 There is now evidence that SCFAs have similar effects at a more distant site, the blood-brain barrier (BBB). 31 Fetuses of GF pregnant mice had significantly increased BBB permeability, related to decreased expression of the tight junction proteins occludin and claudin-5. Fecal transfer from SPF mice to GF adult mice improved the integrity of the BBB and increased levels of occludin and claudin-5. Mono-colonization of GF mice with a single SCFA-producing bacteria, Clostridium tyrobutyricum or Bacteroides thetaiotaomicron, restored BBB integrity to levels similar to that found in SPF mice, as did treatment of GF mice with oral butyrate. These results indicate that metabolic byproducts of the gut microbiota act as signals to influence host physiology distant from their production, at the BBB.
MECHANISMS OF ACTION Transcriptional and protein changes
To elucidate the etiology of behavioral changes, comparisons in genetic signaling have been made across various regions of the brain in GF-raised, SPF-raised, and CONV-raised animals. The contribution of the gut microbiome to neurodevelopment and. . . BB Warner
Significant changes in gene expression and protein content are evident across virtually all anatomic components of the brain, from the more primitive structures of the limbic system, the amygdala and hippocampus, to more advanced regions of the frontal and prefrontal cortex, and are linked to changes in behavioral phenotype (Fig. 1) . One of the most extensively studied is BDNF, a widely expressed neurotropin important to neuronal growth and survival and implicated in a variety of behavioral changes. 32, 33 Compared to CONV-raised or SPF mice, GF mice have decreased levels of BNDF mRNA and protein expression. 2, 8, 34 Additionally, upstream regulators N-methyl-D-aspartate receptor subunits 2, 10 and downstream signaling molecule nerve growth factor-inducible clone A 2, 8, 10, 34 are also decreased. Anatomically, the site of these changes is in the hippocampus, 2, 4, 8, 10 and the cingulate cortex 8 areas of the brain are important in the regulation of these behaviors. Studies examining variances in the brain transcriptome of GF animals compared to SPF and CONV identify significant anatomic site differentials in both neuronal-specific and more generalized cellular functions. 8, 35 Immuno-inflammatory mechanisms The gut is one of the largest immune organs in the body and a major site of a microbial-host interface. The importance of the gut microbiota to immune development is profound and well established. 36, 37 Specific commensal bacteria in the gut are involved in inducing both innate and adaptive immune systems. These include T-helper type 1 (Th1), T-helper type 17 (Th17), and regulatory-T (Treg) cells that alter the background inflammatory environment in the gut both locally and systemically. Varieties of systemic autoimmune disorders have been shown to be modulated through altered immune signaling by the gut microbiota. 38, 39 The role of the gut microbiota in autoimmune CNS pathology was first described in experimental autoimmune encephalomyelitis (EAE). 40 EAE is a T cell-mediated model for demyelinating diseases of the CNS, induced by eliciting an immune response to injected myelin-based proteins. During EAE, systemic T cells migrate to the CNS and pro-inflammatory Th1/Th17 responses facilitate demyelination and tissue damage. 41 GF mice are highly resistant to development of EAE and are protected via altered T cell responses that have their origin in the gut microbiota. In the absence of bacteria under GF conditions, gut dendritic cells have diminished ability to stimulate local and systemic Th1/Th17 cells to produce pro-inflammatory cytokines. When these cells migrate to the CNS, there is diminished production of interferon-γ and IL-17a, with a concomitant increase in Treg cells that further dampens inflammation. The importance of the gut microbiota to this process is further clarified when GF animals are mono-colonized with segmented filamentous bacteria (SFB), which induce Th17 cells in the gut, and protection is lost. Animals became highly susceptible to EAE induction, and the pro-inflammatory CNS response is again robust. Thus, gut microbiota exert their effects on the CNS by mediating innate dendritic cell responses locally, resulting in altered T cell responses within the CNS.
The use of enteral antibiotics in the EAE animal model had comparable results to those found in GF animals. 42 Similar to GF mice, CONV-raised mice pretreated with oral broad-spectrum antibiotics are resistant to development of EAE, with an associated decrease in systemic pro-inflammatory cytokines and increased levels of protective Treg cells. Transfer of Treg's from animals treated with oral antibiotics conferred protection against EAE. As opposed to the loss of protection with SPF colonization, when the antibiotic-treated mice were re-colonized with a single commensal organism Bacteroides fragilis, resistance was maintained. 43 Bacteroides fragilis contains a capsular polysaccharide complex, polysaccharide-A (PSA), which has an established role for immune modulation. Antibiotic-treated mice re-colonized with a mutated form of the organism deficient in capsular PSA lost resistance to The contribution of the gut microbiome to neurodevelopment and. . . BB Warner EAE. These results implicate specific signaling components within microbes on the CNS pathology via immunomodulating pathways distal to the site of colonization.
Gut microbiota immunomodulation, fetal exposures, and social impairment More pertinent to pediatrics than EAE, exposure of the fetus to maternal inflammation is a well-described risk factor for subsequent neuropathology, 44, 45 including ASD. 46, 47 A potential role of both the maternal and offspring gut microbiome in this process has been recently described using the maternal immune activation (MIA) animal model. In this model, pregnant mice are exposed to polyinoinic:polycytidylic (poly(I:C), an immunostimulant structurally similar to double-stranded RNA, mimicking viral infection. Offspring exhibit ASD-like behavior including reduced sociability, increased anxiety, repetitive stereotypical behaviors, and altered communication patterns, as well as abnormalities in cortical development. Using genetic mutants and blocking antibodies in mice, investigators identified that maternal IL-17a, secreted by Th17 cells, was required for the behavioral and cortical abnormalities to develop in the offspring. 48 Based on the importance of gut microbiota to systemic immune responses, investigators next examined the contribution of maternal gut bacteria to the behavioral phenotype by pretreatment of poly(I:C)-exposed mothers with oral vancomycin. 49 Pretreatment with this antibiotic decreased the proportion of Th17 cells in the small bowel, diminished maternal serum levels of IL-17a, and protected offspring from both the behavioral phenotype and cortical abnormalities. SFB, known to induce Th17 cells, was identified as the specific vancomycin-sensitive organism required for the phenotype to occur. Offspring of dams depleted of SFB during poly(I:C) exposure did not develop the behavioral changes or cortical pathology. Reconstitution of these dams with SFB through direct gavage or by co-housing with SFB-colonized animals once again resulted in offspring with the ASD phenotype. These data demonstrate that in this MIA model during pregnancy, maternal gut microbiota influences neurodevelopment in offspring through immune-mediated mechanisms involving Th17 induction.
In addition to maternal influences in MIA, offspring gut functioning and microbiota are also affected. 50 MIA offspring have increased intestinal permeability related to altered gene expression of tight junction components, along with changes in gut microbial composition involving bacterial classes Clostridia and Bacteroidia. Both these changes are reminiscent of findings reported in limited subgroups of individuals with ASD. [51] [52] [53] [54] The altered microbial environment and leaky gut induced by MIA resulted in altered serum metabolites. The most significant increase was in 4-ethylphenylsulfate (4EPS), a predicted metabolite of gut microbes, which was increased 46-fold. Remarkably, systemic administration of wild-type mice with 4EPS alone resulted in behaviors similar to MIA-induced mice. Treatment with the commensal B. fragilis improved gut barrier integrity, restored the microbiota changes, and normalized cytokine and metabolic profiles, abrogating the increase in 4EPS profiles. Behaviors related to anxiety, stereotypical patterns, and vocalizations in response to social interactions were improved, while deficits in social performance were unchanged. In this case, improvement was not a function of microbial capsular PSA, The contribution of the gut microbiome to neurodevelopment and. . . BB Warner as treatment with mutant bacteria had the same effect. The effect was also not specific to B. fragilis, as treatment with B. thetaiotaomicron also improved behaviors. It was however not a generalized microbial response, as Enterococcus faecalis had no effect. Bacteroides fragilis did not exert its effect directly by permanently colonizing the gut, as it could not be retrieved from feces, but rather correcting microbial community membership of the bacterial classes Clostridia and Bacteroidia. These results demonstrate an effect of the gut microbiome on behavior in this MIA model system, alterable by a common commensal organism, mediated at least in part by specific microbial metabolite.
Microbial metabolites, SCFAs
As illustrated in the MIA model, gut microbes produce a variety of metabolites that can act locally or enter host circulation to affect a variety of physiologic parameters. 55 They are implicated in a variety of clinical disorders including inflammatory bowel disease, 56 diabetes, atherosclerosis, 57 and asthma, 58 among others. 59 Among the most intensively studied gut microbial metabolites are SCFAs. SCFAs are the fermentation products of undigested carbohydrates by the gut microbiota with the three major SCFAs produced being acetate, propionate, and butyrate. They exert an impact on the immune system by signalling through a variety of G-protein-coupled receptors, including free fatty acid receptors (FFARs) 2 and 3, that promote local intestinal dendritic cells, as well as T cell expansion, differentiation, and function. 60 Microglia and SCFA SCFAs produced by the gut microbiota have recently been shown to influence the CNS immune system by regulating micoglia maturation and function. Microglia are the principal immune cells of the CNS, playing an important role in CNS homeostasis by detecting pathogens and scavenging cellular debris from injured or dead tissue, similar to peripheral macrophages. Using threedimensional imaging, Erny et al. 61 demonstrated altered architecture and density of microglia in GF compared to SPF mice, indicating an immature or dysfunctional state. Comparison of genome-wide mRNA expression profiles between GF and SPF animals identified nearly 400 altered transcripts involving host defense, cell activation, and transcription. Transcripts normally present in immature microglia, including colony-stimulating factor 1 receptor (Csf1r), a cell surface marker with strong developmental regulation, were increased in GF microglia. The immune response of GF microglia when challenged with bacterial or viral stimulants was also immature, with significantly reduced expression of cytokine and chemokine pathways, as well as expression of genes directing cell differentiation, activation, and transformation. Treatment of SPF mice with oral broad-spectrum antibiotic resulted in microglial cell morphology and maturation markers similar to the immature phenotype of GF mice. Targeted recolonization with specific organisms did not reverse the phenotype; rather, it required the presence of a complex and diverse gut microbial community, including SCFA producers. Remarkably, treatment of GF mice with a mixture of SCFA in the drinking water normalized microglial morphology, density, and maturity based on Csf1r expression. Additionally, mice deficient in the short-chain FFAR2 demonstrated morphologic changes in microglia similar to GF animals, implicating SCFA produced by gut microbes as a key mediator of microglia activation, maturation, and function.
Activation of microglia by SCFAs is also evident in a mouse model of Parkinson's disease (PD) that overexpress human α-synuclein (ASO), a major constituent of Lewy bodies that are a hallmark of PD neuropathology. 62 ASO mice harboring a standard SPF microbiota (SPF-ASO) have motor deficits and aggregation of ASO protein in the caudoputamen and substantia nigra, regions of the brain impacted by PD. Contributing to the phenotypes are activated microglia, producing neurotoxic cytokines. Removal of gut microbiota, through generation of GF animals or antibiotic treatment, protected against the PD phenotype. Feeding GF-ASO mice a mixture of SCFA resulted in loss of protection from the PD phenotype. SCFA-activated microglia, and motor function was again impaired. "Humanization" of standard GF animals (non-ASO) with fecal transplants from PD patients resulted in motor deficits not evident in GF animals transplanted with microbiota healthy human controls. The fecal samples from GF animals colonized with PD donor samples had higher relative abundance of propionate and butyrate, with lower amounts of acetate than that from animals colonized with healthy control sample. Taken together, these results provide compelling evidence that metabolic byproducts of the gut microbiota contribute to microglial homeostasis.
Neuroendocrine signaling
The work by Sudo et al. 2 cited above illustrates interactions between gut microbes and endocrine signaling mechanisms in response to stress. Microbial-endocrine communication is also evident in work using a nonobese diabetic (NOD) mouse model where early microbial exposures contributed to sex hormone levels, and modified disease progression. 63 Male NOD mice were colonized with a gender-dependent gut microbial community that elevated testosterone levels, and were protected from diabetes compared to GF and female mice. Fecal transfer from adult NOD male mice to female weanling, but not adult, mice altered the gut microbiota, elevated testosterone levels, and conferred protection.
Additional signaling mechanisms
The vagus nerve, which is composed of both afferent and efferent fibers, offers an additional mechanism for bidirectional communication. Afferent fibers are stimulated directly or indirectly by microbial components or metabolites with local or central effects, and efferent fibers alter gut microbial community structure by affecting gut inflammation and permeability. 64 Microbiota are also capable of producing neurotransmitters directly or by stimulating production by neurotransmitter-producing cells like enterochromaffin cells. The metabolite 5-hydroxytryptamine (5-HT) and its precursor the amino acid tryptophan are of particular interest as 5-HT has been important in the regulation of gut motility, 65 and tryptophan can cross the BBB and participate in 5-HT metabolism centrally. Finally, host genotype also influences colonization patterns in human microbiomes (see for a review Goodrichet al. 66 ). How genotype affects colonization patterns following delivery, and what if any relationship it has to genetic differences in neurologic disorders remains to be determined.
HUMAN STUDIES
The contribution of the gut microbiota to neurodevelopment and behavior in humans is a complex arena with many factors influencing outcomes including genetic, epigenetic, and environmental components, and studies of gut microbial contribution must be taken in this context. Human studies examining a contribution from the gut microbiome have utilized interventions including prebiotics and probiotics, [67] [68] [69] fecal transplantation, 70 and antibiotics 71 to examine effects on both mood and emotions. There has been intense interest in examining individuals with ASD partly due to the frequent gastrointestinal symptomology associated with the disorder, 72 and immune alterations (see for a review Vuong and Hsiao 73 ). Studies have compared stools [74] [75] [76] [77] [78] or intestinal biopsy samples 79 between individuals with ASD to those without, across a variety of ages. While microbial dysbiosis is evident, no consistent microbial signature either in terms of specific taxa [74] [75] [76] [77] 80 or metabolic byproducts 78, 81 has emerged across studies. Additionally, the cross-sectional design of many of these studies limits the ability to differentiate cause and effect. This is particularly problematic if looking to examine early origins of disease or behavior that may not be manifest until later in life.
The contribution of the gut microbiome to neurodevelopment and. . . BB Warner Two small interventional studies endorse the concept that the gut microbiome may contribute to disease severity. In one, 11 children treated with 8 weeks of oral vancomycin demonstrated improved symptoms based on standardized blinded testing, which then reverted to baseline after treatment was stopped on follow-up in 2 to 8 months. 71 In the second, 70 18 children underwent microbial transplant therapy (MTT), consisting of an initial multi-staged bowel cleansing followed by daily administration of a standardized human gut microbiota used in recurrent Clostridium difficile infections, 82 for 7-8 weeks. Behavioral ASD symptomatology significantly improved, with a sustained effect on follow-up at 8 weeks following completion of treatment.
Longitudinal analysis of stool samples demonstrated a sustained increase in stool sample bacterial diversity following MTT, with evidence for continued engraftment of a number of taxa including Bifidobacterium, frequently reported as diminished in ASD population. 80, 81 The contribution of the viral elements, frequently overlooked, was also shifted toward communities closer to that of fecal donors.
The first prospective human study to examine the relationship between the developing infant gut microbiome and cognition was recently reported. 83 Fecal samples from 89 typically developing 1-year-old toddlers were analyzed for microbial community structure and tested for an association to cognitive functions. Infants clustered into three distinct gut microbial patterns, driven by differences in the relative abundance of Faeccalibacterium, Bacteroides, and an unclassified, Ruminococcaceae, reminiscent of previously described adult enterotypes. 84 At 2 years, cognitive testing results differed significantly between clusters as measured by a composite score of cognitive function (the Mullen Scales of Early Learning). The Bacteroides cluster scored highest (90th percentile) and Faecalibacterium lowest, although still within normal range (72nd percentile). Receptive and expressive language domains showed the greatest differences, with no significant differences measured in motor (gross or fine) or visual reception skills, and no differences on neuroimaging between brain regions. Alpha diversity, the amount of within-sample microbial variation, was inversely related to cognitive function with the Bacteroides clusters demonstrating lowest alpha diversity. Breastfeeding is an important covariate associated with cognitive outcomes, 85 and results in a gut microbiota with decreased diversity and Bacteroides dominant. In multivariate analysis that accounted for feeding type as well as other important clinical and demographic co-variates, cluster group, but not alpha diversity, remained significantly related to cognitive outcome at 2 years. While the results of this study remain associative and not causative, it is an important step in incorporating human subjects in examining the relationship between the gut microbiota and human neurodevelopment.
PERSPECTIVE
Our understanding of the interactions between our gut microbes and the developing nervous system is in early stages (Fig. 2) . Animal models have provided strong evidence that gut bacteria and their metabolites play a role in CNS homeostasis affecting behavior. 86 Human studies have been primarily correlative, and caution must be applied before concluding cause and effect. Significant challenges remain in understanding what, if any, long-lasting effects early host-microbe interactions have on human neurodevelopmental and behavioral outcomes. Many of these challenges are rooted in our limited understanding of how early microbial colonization patterns interact with simultaneously evolving immune, neuroendocrine, and nervous systems. Questions remain regarding the importance of initial pioneering microbes, including viruses, fungi, and archaea during this co-evolution. Maternal and infant diet, stress, mode of delivery, intrapartum infection, and antibiotic exposures all shape early microbial colonization patterns. How long those patterns last, and what if any long-term phonotypic impact they have in humans disease and neurodevelopment is just now being examined. 37, 87 Human studies with a pediatric focus and systems-based approach, moving between animals and humans, will be required to understand the mechanism of host-microbe interactions and the impact on human health and development. The contribution of the gut microbiome to neurodevelopment and. . . BB Warner
